Abstract -A novel zero-voltage-transition (ZVT) two-quadrant (2Q) converter for dc motor drives is presented. It possesses the definite advantage that both main transistors and rectifiers can operate with zero-voltage switching in both motoring and regenerating modes, while both of these switches are only subjected to unity voltage and current stresses, namely the same as its PWM counterparts. This converter is particularly useful for dc traction systems in which both motoring and regenerative braking are desired to have high efficiency. The corresponding theoretical analysis and its high-efficiency performance are supported by both simulation and experimental results.
I. INTRODUCTION
Nowadays, the use of low-inductance dc motors is becoming attractive because of the advantages of higher power density, lower rotor inertia, smoother commutation and lower manufacturing costs. However, it usually suffers from high current ripples, resulting in increased losses and switching stresses. To alleviate this problem, the switching frequency of power converters needs to be increased from less than one to over one hundred kilohertz. With available power devices technologies, hard-switching PWM converters operating at such high frequencies impose high switching losses and switching stresses.
Recently, -. number of soft-switching techniques, providing zero-voltage switching (ZVS) or zero-current switching (ZCS) conditions, have been successfully developed for switched-mode power supplies ( S M P S ) [ 13- [4] . Surprisingly, the development of soft-switching converters for dc motor drives has been very little. Even so, it has been assumed that those being developed for SMPS can be directly applicable [ 5 ] . Until recently, a systematic evaluation of available soft-switching converters for dc motor drives has been carried out [6]. As a result, these softswitching converters cannot satisfy the operating requirements of dc motor drives. Apart from suffering excessive voltage and current stresses, they cannot handle bidirectional power flow during regenerative braking.
Different to SMPS, dc motor drives, especially in traction applications, needs regenerative braking. Technically, the dc motor operates as a generator to convert the kinetic energy into the electrical energy while the converter must allow for bidirectional power flow to restore the energy to the power networks or battery systems. This energy-recovery feature is particularly attractive to electric railways and battery-powered electric vehicles.
In this paper, a novel ZVS-PWM, so-called zero-voltage transition (ZVT), 2 4 converter for dc motor drives is proposed. Its principle of operation, characteristics curves in both the motoring and regenerative modes, design example, as well as simulation and experimental results will be given. Fig. 1 shows the circuit diagram of the proposed ZVT-2Q soft-switching converter for dc motor drives. It differs from a conventional PWM-2Q converter, since the addition of a resonant inductor Lr, a resonant capacitor Cr and two auxiliary switches Sa and Sa'.
PRINCIPLE OF OPERATION
Since the operating characteristics of the proposed converter are generally dictated by those resonant elements, the corresponding characteristics impedance Z and angular fi-equency o are defmed as:
Lr Cr 1 Lr Cr During the motoring and regenerating modes, the normalized motor currents are differently defied and expressed by (3)-(4) and (5)-(6), respectively; The operating waveforms in the motoring mode are shown in Fig. 2 , while the corresponding topological modes are illustrated in Fig. 3 . Similarly, the operating waveforms in the regenerating mode are shown in Fig. 4 , while the corresponding topological stages are illustrated in Fig. 5 . As shown in Figs. 3 and 5, both modes exist seven operating stages within one switching cycle. This stage finishes at time T, when i,, equals I,. The duration can be determined from (7) iLc(t) = I, sincut +I, (9) vD(t)= V,(l-cosot) (10) vCr or vg' increases resonantly up to V, at T, while iLr=Io+IN, and the duration can be determined by solving (1 0) as given by: Since i , , decreases to zero at T,, the duration can be determined by solving (14) which gives:
It is a powering mode. 
VJt) =VoCOScut 
A. Motoring Mode h
The voltage-conversion ratio p , in the motoring mode of operation can be derived by averaging v,, or v,, .
For Stage 3, integrating (10) and using (1 1):
n-2 VD'(T3) = V" (20) For Stage 7, integrating (16) and using (17):
Also, we defme the duty ratio 6,=T,, and T3 as:
where T, is the switching frequency. Hence, by using (l), (3)- (4) and (29)-(32), the voltageconversion ratio p , can be expressed as:
The corresponding results showing the voltage conversion ratio p, versus load h and duty cycle 6, during the motoring mode are shown in Figs. 6 and 7, respectively.
l~!

B. Regenerating Mode
The voltage-conversion ratio pr in the regenerating mode can be derived by equating the source energy per cycle E, and the output energy per cycle E,: (23) and (24): For stage 5, from (25) and (26): (37) From (35) to (38): (39) By equating (34) and (39) From (33) and (40), it can be shown that:
(41) 1 c1, =-which is the same relation for conventional PWM buck and boost converters.
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In order to illustrate the design process, a design example of the proposed ZVT-2Q converter for dc motor drives is carried out. With the specifications Vg=55-6OV, V,=50V, Io=l -4A, T,=lOys, x=lOO, the values of Lr and Cr are selected such that the resonant peak current is about one-half of the maximum load current. Thus, IN=2A. From (1)- (3) and (32) To verify the theoretical results, the ZVT-2Q converter with the parameters obtained in the design example is PSpicesimulated and hardware prototyped. From simulation results shown in Figs. 10 and 11, main transistors (is, vs in Fig. 10 and is, vs8 in Fig. 11 ) and rectifiers (iD, v,, in Fig. 10 and i , , V, in Fig. 11 ) operate with ZVS in both motoring and regenerating modes, and they are subjected to the same voltage and current stresses as those in the PWM counterpart. From the experimental waveforms shown in Figs. 12 and 13, they closely agree with those theoretical waveforms, especially the main switches (S and D' for motoring while S' and D for regenerating) can always maintain ZVS operation. As shown in Figs. 14-17, the characteristics curves are verified for different voltage conversion ratios and loads. Moreover, as shown in Fig. 18 , the measured efficiency q of the proposed converter is quite high, rangmg from 94% to 98%. A novel ZVT-2Q converter for dc motor drives has been presented. It possesses some defmite advantages, including ZVS for all main switches and diodes, unity device voltage and current stresses, siniple circuit topology and low cost, leading to achieve high switching frequency, high power density and high efficiency. Other key features are the use of the same resonant tank for both forward and backward power flows and the full utilization of all built-in diodes of thc power switches, thus minimizing the overall hardware count and cost. University of Hong Kong.
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